Abstract: We propose and simulate an all-optical tunable notch filter based on a sumfrequency generation process in a periodically poled lithium niobate (PPLN) waveguide. The central wavelength of the filter can be tuned by adjusting the wavelength of input pump light. The maximum signal suppression at the central wavelength can be also changed by varying the power of input pump light. A maximum signal depletion of up to 34.4 dB is achieved when the central wavelength is tuned at 1545 nm. The simulation results show that this nonlinear optical filter owns a wide tuning range and steady 3-dB bandwidth on different signal power and wavelength values under low input pump power.
Introduction
The "electronics bottleneck" has become a key limitation of present networks. All-optical networks can avoid this limitation, since signal can be processed directly in optical domain [1] , [2] . Periodically poled lithium niobate (PPLN) waveguide is supposed to be a potentially suited component in future all-optical networks. All-optical signal processing employed PPLN waveguides owns the outstanding features of ultrafast response, wide wavelength coverage, multi-channel operation, and very low noise [3] .
In future all-optical networks, optical filters with high tuning speed and large tunable range are especially desired to achieve all-optical high speed information processing. Traditionally, tuning of band-trap filter can be realized utilizing grating diffraction and acousto-optic effects [4] , [5] , but the tuning speed of this kind of filters is limited by the speed of mechanical movement and the velocity of acoustic wave. In fact, the effect of parametric process in nonlinear optical material can be used to achieve optical filtering. Input light power can be depleted when its energy transfers to a new light frequency through parametric process. In previous research, an optical tunable notch filter was reported utilizing four wave mixing (FWM) effect in highly non-linear fiber (HNLF) [6] . Tuning of the nonlinear optical filter was achieved by adjusting the wavelength of the input pump light; thus, this filter obtained a faster tuning speed. However, small third-order susceptibility in optical fiber results in large device length, which makes the device very difficult to integrate.
In this paper, we propose an all-optical tunable notch filter using sum-frequency generation (SFG) effect in a piece of PPLN waveguide. Signal light can be depleted deeply when a pump light is injected into PPLN waveguide. According to the quasi-phase-matching (QPM) condition, the central wavelength of the notch filter can be tuned in a large range by controlling pump wavelength. The length of the device is greatly shortened due to the high efficiency of ð2Þ in lithium niobate ðLiNbO 3 Þ crystal. By employing a 51 mm PPLN waveguide, 34.4 dB signal depletion is obtained at the central wavelength of 1545 nm.
Basic Principle
The structure of PPLN waveguide and the SFG process used in our scheme are shown in Fig. 1 . In the nonlinear LiNbO 3 crystal, waveguide effect can be achieved by doping different metal ions in the core and cladding to make the effective refractive index of core greater than cladding. When signal light (at wavelength s ) and pump light (at wavelength p ) are injected into the PPLN waveguide simultaneously, sum-frequency (SF) light (at wavelength sf ) is generated through the nonlinear interaction between the signal and pump lights in PPLN. The velocity difference between three waves leads to phase difference between the newly and early generated SF lights. This will result in periodically rising and falling on generated SF light power along the light transmission direction of PPLN waveguide. To maintain the continuous increasing of the SF light power, we reverse the sign of nonlinear coefficient periodically. In this way, the falling regions of SF light power are also reversed to rising regions. This method is called QPM, since the phase mismatch in each region is not really compensated.
In SFG process, the energy will be transferred from s and p to sf , as shown in Fig. 2 (a). The phase mismatch is defined as Ák ¼ k sf À k s À k p À 2=Ã. k sf , k s , k p are propagation constants of sum-frequency, signal, pump lights, respectively, and Ã is the spatial modulation period of the PPLN waveguide. When three wavelengths satisfy the QPM condition, which is Ák ¼ 0, highest energy transfer efficiency among the three lights will be achieved. In this situation, the signal is depleted mostly. If the wavelength of signal light deviates from the QPM condition while pump wavelength is still kept at p , the energy transfer efficiency will decrease. Thus, a notch will emerge around s on signal transmission spectrum, as shown in Fig. 2(b) . 
Simulation Results and Discussions
In the following simulations, the length of the PPLN waveguide l is set at 51 mm. Its spatial modulation period Ã is 16:48 m. Correspondingly, the second-harmonic generation (SHG) wavelength of the waveguide is 1556 nm. The effective area A eff is 50 m 2 . The effective nonlinear coefficient of LiNbO 3 crystal d 33 is assumed to be 27 pm/V. The injected signal and pump lights are considered as continuous wave (cw) with same polarization. The SFG process under slowly varying envelope approximation can be described by following coupled wave equations:
Here, A s , A p , and A sf are complex amplitudes of signal, pump and SF light fields, respectively.
is the coupling coefficient of SFG process, which can be expressed as
where n p , n s , and n sf are refractive index values of signal, pump and SF light, respectively. c is the light velocity in vacuum. 0 is the permeability of vacuum.
By dividing the PPLN waveguide into some short sections along the transmission direction and utilizing finite difference method, we can solve (1) 
Now, we fix the pump wavelength at 1567.2 nm. The pump power is set at certain value (30, 45 or 65 mW) each time and the signal wavelength is changed from 1544.2 to 1545.8 nm. Then, the simulation results of signal transmission spectra with different pump power values can be obtained as Fig. 3 . It can be seen clearly that a trap area is formed around 1545 nm in each curve, which is agreed with the effect shown in Fig. 2(b) . This means signal power gets efficient depletion around central wavelength s . If we set the pump power at 30, 45, and 65 mW, while the injected signal power is 1 mW, the maximum signal losses are 5.6, 10.1, and 23.7 dB, respectively. This indicates that the maximum signal loss of this nonlinear optical filter can be adjusted by tuning input pump power.
In order to clarify the relationship between signal transmission spectra and pump power, we calculate the signal spectrum varying against pump power more detailedly. By varying signal wavelength (each time with a certain pump power), the signal transmission spectra under different pump power values are obtained. Fig. 4 illustrates the signal transmission spectra in 3-D plot. From this figure, we find that maximum signal loss increases firstly but then decreases when input pump power increases. This shows that, there is an optimal value of pump power, which satisfies the phase matching condition totally. When the pump power increases but below this value, the phase mismatch becomes less; therefore, the signal loss also increases. When the pump power increases and beyond this value, the phase mismatch turns greater; therefore, the signal loss decreases. To further investigate the variation of the maximum signal loss in Fig. 4 , we particularly present the signal transmission at central wavelength of the filter in Fig. 5 . The maximum signal loss of 34.4 dB is obtained when the input pump power is 70 mW. In following simulation, the pump wavelength is also fixed at 1567.2 nm. For each value of signal power (0.1, 1 or 5 mW), we change the signal wavelength to achieve the signal transmission spectra. The signal transmission spectra with different signal power values are denoted in Fig. 6 . When signal power is changed from 0.1 mW to 5.0 mW while pump power is fixed at 65 mW, the maximum signal loss varies tightly and is always more than 20 dB. The 3 dB bandwidth value of all the curves is approximately 0.36 nm. The proposed optical notch filter exhibits a stable performance, when the input signal power is changed. The reason is that, in our scheme, the input pump power is much larger than signal power. Therefore, variation of input signal power shows very little affect to signal transmission spectrum. Fig. 7 shows 3 dB bandwidth of the proposed optical filter in C band when input signal and pump power values are 1 mW and 65 mW, respectively. The 3 dB bandwidth experiences some tiny broadening with the increasing of signal wavelength. However, 3 dB bandwidth is almost around 0.36 nm in the whole C band.
The tuning performance of the notch filter is shown in Fig. 8 . By varying p from 1582.9 to 1552 nm, we obtain the tunability of the central wavelength of the notch filter from 1530 nm to 1560 nm. The input signal and pump power values are set at 1 mW and 65 mW, respectively. The figure shows the results of three signal transmission spectra when signal wavelengths are tuned at 1530, 1545, and 1560 nm. The corresponding pump wavelengths are 1582.9, 1567.2, and 1552 nm, respectively. Fig. 9 displays the signal transmission at central wavelength depending on signal wavelength of the filter, which imply the maximum signal loss. From the curve, we find that the maximum signal loss will be reduced to 5 dB when s shifts to 900 nm and 4000 nm. When s is in the range of 1120-2220 nm, the maximum signal loss is always larger than 10 dB. The tunable optical filter owns a large working range due to the wide operational bandwidth of SFG process [3] .
Conclusion
A novel all-optical tunable notch filter based on SFG in the PPLN waveguide has been proposed and numerically demonstrated. The notch curves on the signal transmission spectra are successfully performed. The signal power depletion can be controlled by pump power. The bandwidth of this filter is very stable in communication C band. The central wavelength can be tuned in a wide area by adjusting the pump wavelength without a high power pump. This nonlinear optical filter has great potential to be applied in future all-optical networks and microwave photonic filtering.
